Scope of the document {#Sec1}
=====================

The novel coronavirus disease 2019 has raised several questions about how to limit the spread of highly transmissible respiratory viruses. While guidelines and recommendations exist for adult patients, these cannot be extrapolated to infants and neonates, as neonatal respiratory support presents specific issues (e.g., high apparatus dead space compared to neonatal airways, high bias flows, humidified gases, etc.) that make the transmission of respiratory pathogen control particularly challenging. Three recent papers address the issues of pathogen transmission, aerosol-generating procedures, and infection control before, during, and after neonatal resuscitation^[@CR1],[@CR2]^ and during different respiratory support modes in the neonatal intensive care unit.^[@CR3]^ This document provides more detailed indications on how to use bacterial--viral filters to reduce the spread of respiratory pathogens from neonatal patients with acute respiratory infections receiving respiratory support, with a focus on the protection of the environment and healthcare workers.

Introduction to air filters {#Sec2}
===========================

Bacterial--viral air filters are medical devices used in respiratory ventilators or breathing circuits to protect patients, equipment, and/or the environment from viruses and bacteria. They may be either electrostatic or mechanical, based on their working principle: electrostatic filters use an induced electrostatic charge to capture particles, while mechanical filters use a pleated porous membrane. Mechanical filters can reach higher filtration efficiency than electrostatic filters, but they impose higher airflow resistance. Air filters are classified upon their efficiency: efficiency particulate air (EPA), high-efficiency particulate air (HEPA), and ultra-low penetration air filters retain a minimum of 99.95%, 99.97%, and 99.999% of 0.3 µm particles, respectively. Heat moisture and exchangers (HMEs) retain heat and humidity from exhaled air and return them to the patient during the following inspiration. HMEs also provide a filtration function that can be either electrostatic or mechanical, and they can be classified as either EPA or HEPA based on their filtration efficiency. HMEs are passive humidifiers and, as such, they should be placed at the inlet of the airway interface. HMEs must not be used with humidified gasses because the humidity retained by the hygroscopic membrane may increase airflow resistance.^[@CR4]^

Connecting a bacterial--viral filter to the breathing circuit modifies its mechanical characteristics: (1) it increases the compliance of the circuit; (2) it increases dead space if placed at the airway interface; (3) it adds a resistance that causes a pressure drop between the inlet (*P*~1~) and the outlet (*P*~2~) of the filter:$$\documentclass[12pt]{minimal}
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                \begin{document}$$P_2 = P_1 - R \times V^\prime.$$\end{document}$$The pressure drop increases with increasing filter resistance (*R*) and with flow rate (*V*′). The filter resistance may increase as particles and humidity are retained.

Filters within double-limb breathing circuits {#Sec3}
=============================================

Air filters may be connected in different positions within a double-limb breathing circuit (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Possible positions of the bacterial--viral filter within a double-limb breathing circuit.

Position 1 {#Sec4}
----------

The bacterial--viral filter on the inspiratory limb has two functions: (1) protecting the equipment from the rare event of contamination with exhaled air, (2) protecting the patient in case he/she breathes room air through the safety valve that some ventilators open in case of sudden failure. The inspiratory filter does not prevent environmental contamination. The mechanical characteristics of inspiratory filters remain stable over time because the gas flowing through them is clean and dry. The pressure drop across the filter may affect the inspiratory flow and pressure waveforms. The high bias flows typically used in neonatal ventilators cause an additional pressure drop. Nevertheless, the alteration of inspiratory waveforms and the pressure drop associated with the bias flow should not significantly affect ventilation. If the ventilator measures the airway pressure at the Y-piece, it automatically compensates for the filter load. If not, the breathing circuit should be calibrated with the filter in place, so that the ventilator estimates the mechanical properties of the breathing circuit and compensate measurements accordingly.

Position 2 {#Sec5}
----------

A filter between the breathing circuit and the airway interface protects the patient, equipment, and environment from airborne contamination.^[@CR5],[@CR6]^ HMEs should be placed only in position 2. This configuration increases dead space, thus affecting gas exchange. In adults, a filter between the Y-piece and the airway interface increases minute ventilation or arterial partial pressure of carbon dioxide.^[@CR7]^ Position 2 should be avoided in neonates because filter dead space (e.g., 8--10 mL for the smallest filters) is very high compared with the patient tidal volume.^[@CR8]^ The ventilator cannot detect the effects of a filter between the Y-piece and the airway interface. Therefore, monitoring ventilation waveforms over time is recommended to identify the possible consequences of increased filter resistance.

Positions 3 and 4 {#Sec6}
-----------------

Expiratory filters prevent bacteria or virus transmission to the environment. They do not add dead space, but they increase circuit compliance and resistance, similarly to inspiratory filters. While the work required to overcome the resistance of the inspiratory line is provided by the ventilator, increasing the expiratory line resistance prolongs the time to exhale. This issue is particularly critical in patients at risk of developing intrinsic positive end-expiratory pressure (PEEP; e.g., patients with a small endotracheal tube or with obstructive diseases). The humidity of the gas flowing through the expiratory filter may significantly increase its resistance and nearly occlude it.^[@CR4]^ The highest risk occurs using an HME filter in position 3 or 4 with humidified gasses and non-heated expiratory lines.^[@CR9]--[@CR11]^ HME filters must not be used with humidified gasses and must be connected only in position 2. If the expiratory limb of the breathing circuit is not heated, a water trap on the expiratory line may reduce the risk of rainout inside the filter. While the filter is in place, check that the airway pressure reaches the pre-set PEEP level and set the "high PEEP" alarm, if present, at a value only slightly higher than the desired PEEP. The expiratory filter is a single-patient device; it should also be changed if PEEP tends to increase compared with the pre-set value, in the presence of rainout, after nebulization, and, in any case, every 12--24 h. Caution should be used during filter replacement because opening the breathing circuit is an aerosol-generating procedure. The resistance of the filter connected in position 3 produces a pressure drop between the patient's airways and the inlet of the expiratory valve, which controls the pressure inside the breathing circuit. Therefore, we recommend the use of the expiratory filter in position 3 if the ventilator measures airway pressure at the Y-piece. If the ventilator does not have a proximal pressure port, connecting the filter at the outlet of the expiratory valve (position 4) allows a more accurate estimate of the pressure applied to the patient. Connecting the filter in position 4 is possible only if the outlet of the expiratory valve is channeled to a duct.

Always refer to the user's manual before connecting the bacterial--viral filter to the ventilator or contact the manufacturer. Different indications for different ventilators are reported. The user's manuals refer to an inspiratory filter for Babylog 8000+ and VN500 (Dräger Medical AG & Co, Lübeck, Germany), Servo-N (rev. 1.14) (Maquet, Solna, Sweden), Leoni+ (rev. 2.5.3) (Heinen+Löwenstein, Bad Ems, Germany), SLE 4000/5000 and 6000 (rev. UM131 Issue 4 for SLE 4000/5000 and UM154 Issue 6 for SLE 6000) (SLE UK, Croyden, United Kingdom), and Hamilton G5, C1, and MR1 (Hamilton Medical AG, Rhäzüns, Switzerland). The user's manual does not mention inspiratory filters for Fabian (rev. 113003.IT) (Acutronic, Hirzel, Switzerland), Avea (rev. J) (CareFusion, San Diego, CA), Giulia (rev. 2.3) (GINEVRI srl, Albano Laziale, Rome, Italy), and Stephanie and Sophie^[@CR12]^ (Fritz Stephan GmbH, Gackenbach, Germany). The use of an expiratory filter is suggested for Avea, Servo-N, Leoni+, SLE ventilators, Giulia, Hamilton ventilators, Stephanie, and Sophie but not for Babylog 8000, VN500, and Fabian.

Leoni+, SLE ventilators, Fabian, Hamilton ventilators, and Giulia measure airway pressure with a proximal pressure line, while Babylog 8000+, VN500, Avea, Servo-N, Stephanie, and Sophie do not.

Bacterial--viral filters during manual ventilation {#Sec7}
==================================================

Self-inflating bag {#Sec8}
------------------

A filter between the self-inflating bag and the airway interface represents the easiest solution to protect patients, equipment, and the environment from contamination. Use a filter with the lowest possible dead space. Neonatal HME filters may have a dead space as low as 8--10 mL. We suggest using an HME filter in this configuration because gasses are not humidified.

T-piece {#Sec9}
-------

The high bias flow flowing through the PEEP valve of the T-piece may produce aerosolized pathogens that are dispersed at a long distance toward the operator. In a standard T-piece, the only possible filter position is at the inlet of the airway interface. Since this configuration adds dead space, we propose an alternative solution, which consists in using a double-limb circuit, connecting the T-piece PEEP valve at the end of the expiratory line, and closing the patient outlet of the T-piece (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Possible connection of an expiratory filter to a T-piece respirator.

Non-invasive ventilation {#Sec10}
========================

Non-invasive respiratory support is an aerosol-generating procedure, and caution is required when managing it. We suggest administering non-invasive respiratory support using a mechanical ventilator with a double-limb breathing circuit and an expiratory filter connected as described above, whenever possible. To our knowledge, no studies evaluated the dispersion of aerosolized pathogens while using jet systems (e.g., Benveniste valve or Infant Flow Driver system) or bubble continuous positive airway pressure. These devices may increase pathogen dispersion, and connecting an expiratory filter to them is not feasible. In adults, high flow nasal therapy does not increase the risk infection,^[@CR13]--[@CR15]^ if associated with good seal.^[@CR13]^ However, in neonates, a gas leak from the nares should be allowed. During non-invasive respiratory support, pathogens may spread through nose and mouth leaks, thus covering the infant's nose and mouth with a surgical mask may trap or reduce the velocity of airborne particles. Non-invasive respiratory support should be administered in appropriate airborne isolation rooms.

Future perspectives {#Sec11}
===================

Future studies should evaluate the extent of pathogen dispersion during different types of neonatal respiratory support and should investigate whether the use of viral/bacterial filters in the breathing circuit can significantly affect ventilation and reduce the spread.
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